Cytokine expression and immune cell infiltration causing renal inflammation accompanies almost all kidney diseases. Renal inflammation always involves the innate immune system, whereas antigenspecific (adaptive) immunity may or may not be present. Innate immunity is a germline-encoded system first characterized as a front line for antimicrobial defense. This arm of the immune system involves several distinct families of soluble and cellular receptors that activate proinflammatory signaling pathways ( Figure 1 ). These cellular receptors include Toll-like receptors (TLRs), [1] [2] [3] [4] retinoic acid-induced gene-like receptors, nucleotide-binding domain-leucine-rich repeat (or NOD-like receptors; NLRs), scavenger receptors, and C-type lectins that are activated by various bacterial and viral pathogen-associated molecular patterns (PAMPs), resulting the engagement of nuclear factor-B (NF-B), 5 IFN regulatory factors, and mitogen-activated protein kinase signaling pathways modulating proinflammatory and type I IFN genes.
Knowledge regarding the mechanisms that trigger innate immunity has increased exponentially during the last 2 decades. It is now clear that the innate immune system can also respond to nonmicrobial stimuli, particularly to intracellular molecules that are released from intracellular compartments of necrotic cells. 6 -9 During infection, such damageassociated molecular patterns (DAMPs) release from injured tissues, which alerts the immune system and provides additive signals to those induced by the pathogen load and associated PAMPs. However, DAMP signaling can also trigger inappropriate inflammation in sterile types of injury and thereby contribute to unnecessary organ damage and dysfunction. The science of danger recognition has only recently been explored in the field of nephrology, 10 and it is still unclear how innate immunity translates infectious and noninfectious danger into the various forms of kidney disease. Here we focus on the NLR family of genes that form intracellular multiprotein proteolytic complexes termed "inflammasomes." [11] [12] [13] NLR GENES AND THE INFLAMMASOME The NLR gene family consists of 22 members in humans, 35 in mice, and several hundreds in plants. 12 NLR genes have conserved NACHT domains that mediate nucleotide (ATP or GTP)-dependent protein oligomerization (Figure 2 ). Almost all members also contain a C-terminal leucine-rich repeat domain that likely functions in ligand sensing. Thebased on the presence of CARD (caspase recruitment domain), PYD (pyrin domain), and acidic transactivation or baculovirus inhibitory N-terminal domains. 11 As a group, the NLRs primarily activate NF-B signaling or form caspaseactivating platforms termed inflammasomes. As an example, the best characterized NLRs are NOD1 and NOD2 (NLRC1 and NLRC2, in which "NLRC" indicates a NLR containing a CARD) that activate NF-B in response to bacterial peptidoglycans and contribute to Crohn's disease. 14 -17 The NLRP (nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin, domain containing) subfamily includes 14 P P P P P P P P P P P P P P Pannexin   MyD88   MyD88   TIRAP  TIRAP   TIRAP TLR1/2/6  MyD88  TIRAP TLR5   MAL  MyD88  TIRAP TLR4  TRAM  TRIF Figure 1 . How pattern recognition receptors induce innate immunity. Complement factors, mannose binding lectin, and the pentraxins (C-reactive protein, serum amyloid P, pentraxin 3) are components of the humoral part of innate immunity. These molecules opsonize pathogens or apoptotic cells to induce phagocytosis through complement receptors or mannose receptors (not shown). Complement can also directly kill pathogens or cells by forming the membrane attack complex (not shown). Several groups of extracellular or intracellular innate pattern recognition receptors exist. TLR-1/2/4/5/6 recognize microbes at the cell surface. TLR3/7/8/9 recognize viral and bacterial nucleic acids in intracellular endosomes. All TLRs use the intracellular adaptor myeloid differentiation primary response gene (88) (MyD88) for downstream signaling, except for TLR3, which uses TIR-domain-containing adapter-inducing interferon-␤ (TRIF). TLR4 uses MyD88 and TRIF. All TLRs can induce the expression of NF-B-dependent genes, including most proinflammatory cytokines and chemokines. TLRs also induce the procytokines IL-1␤ and IL-18 (signal 1). These cytokines need caspase-1 activation as a second step before they can be released. Caspase-1 activation is under the control of the inflammasomes. For example, potassium efflux, lysosomal cathepsin leakage in the cytosol, or oxidative stress can trigger the NLRP3 inflammasome that includes the adaptor ASC and caspase 1. Type I IFNs represent a separate class of antiviral cytokines. Release of type I IFNs is strongest upon recognition of viral nucleic acids via TLR3/7/8/9 in endosomes or via cytosolic RNA and DNA receptors. The latter signal via the mitochondrial adaptor interferon promotor stimulator 1, but all pathways finally activate the transcription factors IRF3/7 for expression of the type I IFNs. All cytokine classes amplify innate immunity by interacting with their respective cytokine receptors, as shown at the bottom of the figure.
RNA VIRUSES
All inflammasome-related cytokines ligate their receptors to trigger MyD88-dependent signaling.
defined by a conserved N-terminal PYD domain and common NACHT and leucine-rich repeat motifs ( Figure 2 ). Upon activation, the NLRP proteins oligomerize through homotypic molecular interactions and recruit the PYD-CARD adaptor protein, ASC, and the protease caspase-1 to form a protein complex termed the inflammasome ( Figure 3 ). 12, 13 Unlike the typical signaling cascades downstream of many innate receptors such as the TLRs or other NLR members such as NOD1/2, the inflammasome is a proteolytic caspase-1-activating platform. Caspase-1, an inflammatory caspase, does not play a major role in apoptosis. Instead, activated caspase-1 processes numerous cellular substrates including the cytokines IL-1␤ and IL-18. 18, 19 The generation of mature IL-1␤ and IL-18 involves two separate processes: the induction of NF-B-dependent mRNA expression and translation of a procytokine (signal 1) followed by cleavage of the procytokine and release of mature and active cytokine (signal 2). 13, 20 Only the latter depends directly on the inflammasome (Figure 1 ). In the case of IL-1␤, caspase-1 cleaves the 35-kD pro-IL-1␤ to the mature and secreted form of the 17-kD cytokine. Other enzymes can also cleave these procytokines in caspase-1-deficient mice (e.g., caspase-4, -5; caspase-11, -12 in mice-11, and -12 in mice; chymotrypsin; chymase; granzyme; elastase; plasmin; or proteinase-3), but the functional relevance of these enzymes for IL-1␤/IL-18 secretion is unclear. 21, 22 Caspase-1 has more than 40 other cellular substrates. 18 In addition to processing cytokines, inflammasomes mediate an inflammatory form of cell death termed "pyroptosis" and may also be involved in cellular processes such as glycolysis. 18, 23 Pyroptosis was only recently described in macrophages and consists of programmed cell death involving loss of membrane integrity, unlike apoptosis, in association with IL-1␤ and IL-18 secretion. 23, 24 Because they were discovered fairly recently, our knowledge about the biology of the NLRP proteins and the inflammasome is somewhat limited. Unlike the other families of pattern recognition receptors that have recognizable PAMP ligands, ligands for many NLRP members or even their function are not yet known. Early studies attempted to establish the NLRP proteins and the inflammasome as sensors of microbial constituents similar to the TLR paradigm. However, more recent work identifies many diverse microbial, nonmicrobial, and even endogenous stimuli that activate the inflammasome (Table 1 ). These observations put into question a ligand-specific model of inflammasome activation, as is the case for the TLRs. Rather, existing evidence supports the notion that the inflammasome is the final common pathway that senses cellu- Human inflammasome-related genes. The NLRP subfamily of NLR genes consists of 14 members that are typified by an N-terminal PYD in addition to conserved NACHT and leucine-rich repeat domains common to all NLR genes. NLRP1 is unique in that it also carries a C-terminal CARD. NLRC4 (Ipaf1) is a member of the NLR family with an N-terminal CARD that can directly interact with caspase-1. AIM2 is a DNAinteracting human interferon-inducible 200 protein with an N-terminal PYD that can form a caspase1-activating inflammasome but does not belong to the NLR family. Inflammasomes also generally consist of the adaptor protein ASC and the cystine protease caspase-1.
BRIEF REVIEW www.jasn.org lar stress or injury. As such, the inflammasome-caspase-1-IL-1␤/IL-18 axis is involved in many disease conditions (Table 2) . Therefore, it is very likely that inflammasomes are also involved in renal inflammation, either during infection or during noninfectious types of kidney disease.
THE NLRP3 INFLAMMASOME
The best understood inflammasome is NLRP3, which is activated by various stimuli and expressed primarily in macrophages and dendritic cells. 12, 13 Mutations in the NLRP3 gene are linked to three autoinflammatory disorders that include Muckle-Wells syndrome, familial cold autoinflammatory syndrome, and chronic infantile neurologic cutaneous and articular syndrome. 21 Provided that microbial or nonmicrobial stimuli activate NF-B to induce pro-IL-1␤ and IL-18 (signal 1), a diverse group of additional stimuli can act as signal 2 to activate caspase-1 through NLRP3 (Table 1) . These stimuli represent additional PAMPs and DAMPs that do not match with those activating TLRs. For example, cellular necrosis triggers NLRP3 activation in macrophages by release of ATP or uric acid. 25 The multitude of NLRP3 triggers underscores the likely function of this inflammasome as a sensor of cellular stress or injury operating through a single common pathway. 26 -28 For example, the activation of NLRP3 occurs after endolysosomal stress and the activation of lysosomal proteases such as cathepsin B. In studies that involve endosomal loading with viral or crystal aggregates such as adenovirus or silica, inhibition of endosomal maturation or lysosomal protease activity is sufficient to block inflammasome activation. 29 -32 A second model of activation proposes that engagement of ATP-dependent P2X 7 receptors results in the opening of large pannexin-1 pores in the cell membrane (Figure 1 ). The open pannexin-1 pores allow NLRP3-activating bacterial PAMPs into the cytoplasm, resulting in inflammasome activation. 33 In this model, it is also proposed that any toxin or enzyme capable of inducing membrane pores/openings that permit the cytosolic delivery of a bacterial PAMP can result in the activation of the NLRP3 inflammasome. 34 Finally, a recent paper by Zhou and colleagues 35 suggests the final common pathway of NLRP3 inflammasome activation is through oxidative stress and thioredoxin-interacting protein (TXNIP). In the normal state, TXNIP is bound to the antioxidant reductase, thioredoxin. After oxidative stress, TXNIP releases from thioredoxin to interact with and activate NLRP3. Because many NLRP3-activating stimuli are associated with ROS production, this represents a potential unifying model.
In addition to these models, several other signaling molecules and cellular events are essential for NLRP3 inflammasome activation. K ϩ efflux from the cell is necessary for activation of the NLRP3 inflammasome regardless of the stimulus. 27 In response to certain infectious agents such as Candida albicans or malarial hemozoin, the tyrosine kinases spleen tyrosine kinase and Lyn are also essential for optimal activation of the NLRP3 inflammasome. 32, 36 CARD9, phosphoinositide 3-kinase, and extracellular signalregulated kinase signaling downstream of spleen tyrosine kinase appears necessary not only to induce expression of pro-IL-1␤ but also to exert a direct effect on ASC and caspase-1 after exposure to these pathogens. Finally, recent studies show that cellular priming is required not only to transcribe and translate inflammasome substrates such as IL-1␤ and IL-18, but also to induce the expression of NLRP3 required for inflammasome assembly and activation. 37 
OTHER INFLAMMASOMES
Other proteins that are known to form inflammasomes include the NLRs, NLRP1, NLRC4 (Ipaf-1), and the human interferon-inducible 200 protein AIM2 (absent in melanoma-2) (Figure 2 ). 12 NLRC4 responds to bacterial flagellin and bacteria containing type III/IV secretion systems such as Salmonella typhimurium and Pseudomonas aeruginosa. 38 NLRC4 can activate caspase-1 through a direct CARD-CARD interaction in the absence of the adaptor, ASC. 39, 40 NLRP1 contains a PYD domain and a C-terminal CARD domain and therefore interacts directly with caspase-1 and -5. 22 The NLRP1 inflammasome is activated by Bacillus anthracis lethal toxin and the peptidoglycan muramyl dipeptide (Table 1). 41 Finally, AIM2 is a PYD containing human interferon-inducible 200 protein that does not belong to the NLR family. AIM2 forms a DNA-sensing inflammasome with ASC and caspase-1 that mediates cytokine processing and pyroptosis. [42] [43] [44] [45] In contrast to NLRP3, AIM2 acts as a receptor that is activated by DNA binding. AIM2 is involved in antiviral host defense and the response to Listeria monocytogenes and Franscicella tularensis. 46 -49 The identification of AIM2 is also significant for demonstrating that ASC-and caspase-1-containing inflammasomes are not restricted to the NLR family of genes. The role of these inflammasomes in nonmicrobial inflammation and kidney disease is unknown. Other NLRs such as NLRP2 and NLRP12 have also been shown to interact with ASC and activate caspase-1 in vitro; however, the biologic significance of these observations and whether these NLRs form true inflammasomes is unclear. 50, 51 DISEASE ENTITIES INVOLVING THE INFLAMMASOME-CASPASE-1-IL-1〉/IL-18 AXIS Several human autoinflammatory syndromes are directly related to variations in inflammasome or IL-1-related genes ( Table 2 ). The cryopyrin-associated periodic syndromes encompass MuckleWells syndrome, familial cold autoinflammatory syndrome, and chronic infantile neurologic cutaneous and ar- [52] [53] [54] The deficiency of IL-1 receptor (IL-1R) antagonist syndrome is also associated with increased circulating IL-1␤ levels. 55 Although none of these diseases is known to directly affect the kidney, a role for NLRP3 or IL-1 signaling in renal pathology cannot be excluded.
The pathogenic role of IL-1 in all of the aforementioned diseases was clearly documented by complete remissions of their related symptoms upon therapy with IL-1 antagonists. IL-1 blockade is also partially therapeutic in several other hereditary or idiopathic autoinflammatory diseases, but the precise mechanisms of direct or indirect involvement of inflammasomes is yet unclear ( Table  2) . Crystal-induced pathologies form another group of diseases that are recently related to NLRP3-mediated IL-1␤/IL-18 secretion. Monosodium urate or calcium pyrophosphate dihydrate crystals activate the NLRP3 inflammasome, which is now thought to represent a central pathogenic mechanism of gout and pseudogout. 56 IL-1 antagonism immediately ameliorates the clinical symptoms of these crystal arthropathies. 57, 58 In vitro studies and studies performed in mice also support a role of the NLRP3 inflammasome in translating the recognition of crystal or particle formats of silica, asbestos, cholesterol, ␤-amyloid, or hemozoin into IL-1␤ release and disease manifestations of silicosis, 29, 59 asbestosis, 59 atherosclerosis, 60 Alzheimer's disease, 61 and malaria. 32, 62 It would be interesting to know whether the same mechanism applies to kidney diseases that are associated with crystals or microparticles such as nephrolithiasis, renal amyloidosis, cholesterol embolism, urate nephropathy, cast nephropathy, or rhabdomyolysis. Production of reactive oxygen species is another stimulus for NLRP3 activation during hypoxia or hyperglycemia. 35, 63 Interestingly, IL-1 blockade also improves diabetes by increasing insulin secretion, most likely by promoting ␤ cell survival. 64 Together, beyond signaling infection, inflammasome-mediated IL-1␤/ IL-18 secretion is involved in several different noninfectious diseases, suggesting that inflammasomes generally convey cell stress to the immune system.
RENAL NLR GENE EXPRESSION
Little is known of the expression of inflammasome-related genes in renal cells or in kidney diseases. Figure 4 illustrates mRNA expression profiles of NLR genes in human and mouse solid organs, including the kidney. 65 It should be noted that except for NLRP2 and NLRP10, the human kidney expresses much lower mRNA levels of most inflammasome-related molecules as compared with the human spleen. In contrast, kidneys from 6 week-old C57BL/6 mice express much higher levels of most NLR genes compared with the spleen, with the exception of neuronal apoptosis inhibitory protein and NLRP3 (Figure 4 ). Although these data illustrate species-specific differences in inflammasome expression under healthy conditions, it is well known that inflammasome-related genes can be strongly induced by proinflammatory cytokines or TLR agonists. 12 Which cells express functional inflammasomes in the kidney is largely unknown. Several studies document the potential of tubular epithelial cells to secrete IL-1␤ and IL-18 66 ; hence, they should harbor all necessary elements of the inflammasome-caspase-1-IL-1␤/ IL-18 axis.
THE ROLES OF INFLAMMASOMES IN KIDNEY DISEASE

Inflammasomes and the Biology of Chronic Kidney Disease
The inflammasome likely plays a role in chronic kidney disease. Inflammasome-regulated cytokines such as IL-1␤ and IL-18 are implicated in animal models or human forms of chronic kidney disease (Table 3) . First, IL-1␤ and IL-18 induce mesenchymal markers in tubular epithelial cells in a dosedependent manner. 67, 68 In humans, IL-18 and caspase-1 are expressed in renal tubular epithelium and patients with chronic kidney disease or the nephrotic syndrome exhibit elevated levels of IL-18. 69 -72 Similarly, IL-18 neutralization prevents renal injury and fibrosis after unilateral ureteric obstruction (UUO) in mice. 73 Renal tubular cell injury occurs as a result of various insults, including ischemia, obstruction, and immune-mediated mechanisms that result in the release of endogenous cellular components capable of For example, note that mouse kidney (relative to mouse spleen) expresses much higher mRNA levels for most of the inflammasomerelated genes as compared with human kidney (relative to human spleen).
activating the NLRP3 inflammasome. 54 Many DAMPs released during renal injury are capable of activating the NLRP3 inflammasome, including reactive oxygen species, extracellular ATP, uric acid, nucleic acids, and extracellular matrix components such as hyaluronan and biglycan. 28,35,56,74 -76 This premise has been confirmed in studies using the UUO model of chronic progressive kidney disease in mice. 77 ATP in the mitochondrial fraction of necrotic cells activates the NLRP3 inflammasome through P2X 7 receptors. 25, 63, 74 Consistent with these data, P2X 7 Ϫ/Ϫ mice exhibit less tubular injury and reduced inflammation and fibrosis after UUO compared with wild-type mice. 78 In addition to ATP, other cellular factors also activate the NLRP3 inflammasome and play a role in chronic kidney disease, including the extracellular matrix components biglycan, hyaluronan. 75, 76 In the case of biglycan, mice deficient in this extracellular matrix protein are resistant to injury after UUO. 76 Recent studies from our group confirm a role for the NLRP3 inflammasome in chronic kidney disease. Markers of inflammasome activation (including IL-1␤, IL-18, and caspase-1 processing) are increased over a 14-day time course in mice after UUO. Compared with wild-type controls, NLRP3 Ϫ/Ϫ mice exhibit a reduction in tubular injury and inflammation in this model. 79 Furthermore, in a cohort of renal biopsies from patients with nondiabetic kidney disease, levels of mRNA encoding NLRP3 correlate with renal function, strongly suggesting that NLRP3 contributes to the pathogenesis of chronic kidney disease. 79 Inflammasomes and the Biology of Acute Kidney Injury Acute tubular necrosis (ATN) is the most common cause of acute renal injury. Acute tubular injury that results in ATN can be induced by nonmicrobial stimuli such as ischemia-reperfusion during hypotension/ shock and toxins such as drugs or radiographic contrast. ATN is associated with an inflammatory response that includes monocyte/macrophage and neutrophil recruitment to the kidney, which is detrimental and worsens renal injury. 80, 81 The data supporting the role of the inflammasome in acute kidney disease are strong. Numerous studies in humans and animal models of acute renal disease show elevated levels of IL-1␤ and/or IL-18. These models include ischemia/reperfusion injury, toxin-induced (cisplatin) tubular injury in rodents, [82] [83] [84] [85] and in urine bioprofiles of critically ill patients with ATN. 86 The role of the inflammasome in acute renal failure is further strengthened by the finding that caspase-1-deficient mice are more resistant to various types of acute tubular injury, includingcisplatinandischemia-inducedacute renal failure. 82, 84 Recently, Iyer and colleagues 63 confirmed a role for the NLRP3 inflammasome and ASC in acute ischemia/ reperfusion kidney injury in mice. The activation of the NLRP3 inflammasome by necrotic cells is secondary to the extracellular matrix components biglycan and hyaluronan and mitochondrial ATP acting through P2X 7 receptors.
FUTURE PERSPECTIVE AND DIRECTIONS FOR RESEARCH
The NLRs and the inflammasomes are emerging as mediators of microbial and nonmicrobial diseases. Acute and chronic kidney disease involve the release and generation of factors such as reactive oxygen species, ATP, uric acid, and cholesterol crystals that correlate with disease severity and also activate these pathways. Future studies need to address the potential role of NLR and inflammasome signaling in renal cells and in animal disease models. Respective knockout mice for many inflammasome-related proteins are available for this purpose. Studies using human renal biopsies will be useful to determine the spatial and temporal expression of inflammasome components inside of the kidney and to correlate these findings with disease activity or prognosis. Gene polymorphism studies on suitable patient cohorts could help to determine the functional significance of human expression data. Finally, IL-1R antagonist or anti-IL-1 antibodies are approved drugs that might be tested, off-label, for their potential to modulate kidney disease, which would represent the ultimate proof of significance of the inflammasome-caspase-1-IL-1␤/18 axis in kidney disease. This approach may not only offer a potentially fruitful area of research, but it will also hopefully lead to novel and specific therapies for patients with kidney disease.
In conclusion, NLRs and inflammasomes form a unique class of pattern recognition molecules that integrate multiple bacterial, viral, and endogenous danger signals into the immediate secretion of IL-1␤ and IL-18. As such, inflammasomes represent proximal and complementary elements of innate immune activation because subsequent IL-1R signaling 
